Abstract: Quantities and structural characteristics of coarse woody debris (CWD) (logs and snags) were examined in relation to stand age and composition in the Canadian mixedwood boreal forest. Forty-eight stands originating after fire (from 32 to 236 years) were sampled on mesic clay deposits. The point-centered quadrant method was used to record canopy composition and structure (living trees and snags). The line-intersect method was used to sample logs of all diameters. Total log load, mean snag density, and volume per stand were similar to other boreal stands. Linear and nonlinear regressions showed that time since fire and canopy composition were significant descriptors for log load changes, whereas time since fire was the only significant factor for snag changes. Coarse woody debris accumulation models through time since fire were different from the U-shaped model because the first initial decrease from residual pre-disturbance debris was missing, the involved species had rapid decay rates with no long-term accumulation, and the succession occurred from species replacement through time.
Introduction
Coarse woody debris (CWD), as standing dead trees (snags) and fallen boles and branches (logs), contribute to the structure, microhabitat diversity, and nutrient cycling of forests (Harmon et al. 1986; Lambert et al. 1980; Stauffer and Best 1980) . The functional importance of CWD depends not only on their quantities but also on their size distribution, degree of decay, species, position (snags vs. logs), and spatial arrangement (Harmon et al. 1986 ). Insight into the dynamics of CWD will guide managers in understanding the impacts of current management regimes on the CWD cycle and their consequences on biodiversity, stand health, and ecosystem productivity (Harmon et al. 1987; Keddy and Drummond 1996; Lee et al. 1997; Sturtevant et al. 1997 ).
The availability of CWD in early stages of forest development is almost entirely dependent on individual stand history (Spies et al. 1988) , i.e., predisturbance-and disturbancegenerated debris, and residual standing trees. Coarse woody debris within the accumulation stage is generated by the regenerating stand, and CWD is related to the standing forest structure, stem growth and mortality (Harmon et al. 1986 ), disturbance return interval, and decay rates. However, previous attempts relating standing tree structure (living basal area) to CWD have often yielded poor results (Sturtevant et al. 1997; Muller and Liu 1991) . Several studies of CWD within forest chronosequences have described a general Ushaped temporal pattern observed in northern hardwoods (Bormann and Likens 1994) , wave-regenerated balsam fir (Abies balsamea (L.) Mill.) (Lambert et al. 1980) , and Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) -western hemlock (Tsuga heterophylla (Raf.) Sarg.) forests (Agee and Huff 1987; Spies et al. 1988 ). This temporal pattern seems to characterize the dynamics of undisturbed forests (Lambert et al. 1980) , naturally disturbed forests (Lee et al. 1997; Sturtevant et al. 1997; Tyrrell and Crow 1994) , and managed forests that have been clearcut (Bormann and Likens 1994; Sturtevant et al. 1997) . In general, debris levels are high following the initial stand disturbance. Residual debris then declines over time, while there is a gradual additional input from the regenerating stand. As stands mature, tree mortality increases, and contributes to the CWD reservoir. Debris levels usually peak during a transitional stage as the even-aged stand senesces into a more uneven-aged structure. Finally, levels decline resulting in the reverse J-shaped diameter distribution of uneven-aged forests (Harmon et al. 1986; Spies et al. 1988) .
In the Canadian mixedwood boreal forest, the forest vegetation is characterized by a gradual change in canopy species dominance following major disturbances such as fires (Bergeron and Dubuc 1989; Payette 1992; Roussopoulos 1978) . All tree species regenerate within a few years following the fire, but the different growth rates create a successive dominance in the canopy from shade-intolerant deciduous species to shade-tolerant coniferous species. Paré and Bergeron (1995) have shown that the species replacement and the occurrence of spruce budworm outbreaks affect the aboveground biomass. As trees are the CWD producers, it would be interesting to see if CWD accumulation through time follows the same pattern as compared with the aboveground biomass. Our objectives in this study were twofold. First, we wanted to document the CWD quantities, species composition, and distributions to determine the appropriate CWD accumulation models for the Canadian mixedwood boreal forest. Secondly, we wanted to test the effect of stand composition and time since fire as potential factors that could simultaneously influence changes in CWD components. Our hypothesis is that, in the southeastern Canadian boreal forest, temporal patterns will differ from the traditional U-shaped model because there is a species replacement with time, and the involved species produce different CWD loads that have rapid but different decay rates.
Materials and methods

Study area description
The study area is located around Lake Duparquet , located in the Clay Belt of northwestern Quebec (48°30′ N, 79°20′ W), a large physiographic region characterized by lacustrine clay deposits left by the proglacial lakes Barlow and Ojibway (Vincent and Hardy 1977) . The area surrounding Lake Duparquet has forests that have never been commercially harvested. Lake Duparquet is situated at the southern limit of the boreal forest in the Missinaibi-Cabonga section, which is characterized by an association of balsam fir, black spruce (Picea mariana (Mill). BSP), paper birch (Betula papyrifera Marsh.), white spruce (Picea glauca (Moench) Voss), and trembling aspen (Populus tremuloides Michx.) (Rowe 1972) . The mean annual temperature is 0.6°C; mean annual precipitation is 822.7 mm; and mean annual frost-free period is 64 days. However, freezing temperatures may occur throughout the year (Environment Canada 1993).
Data collection
Sampling design
Forty-eight stands initiated after lethal fires dating from 32 to 236 years ago were selected on gently sloping mesic clay deposits. Time of stand initiation has been determined in previous dendrochronological studies (Bergeron 1991; Dansereau and Bergeron 1993) . Each stand was sampled with a 30-m-sided equilateral triangle (McRae et al. 1979 ). The triangular layout was used to minimize bias in situations where logs are not randomly oriented and to cover the variation in CWD distribution (Van Wagner 1980) . This delineated sampling area was used to evaluate CWD composition and loads and to analyze the living canopy composition (Appendix 1).
Canopy composition
We sampled canopy characteristics (tree species, diameter at breast height (DBH), total height of trees, and status in the canopy as dominant or subdominant tree) using the point-centered quadrant method (Mueller-Dombois and Ellenberg 1974; McRae et al. 1979) . Six points were set up along triangle edges and 48 trees were recorded per stand: 24 dominant trees and 24 sub-dominant trees. The 48 distances between trees and the quadrant centers were measured to calculate densities and basal areas per stand and per species (McRae et al. 1979) .
Coarse woody debris
In the analyses, logs represent boles and branches, while snags represent standing dead trees. The line-intersect method (Van Wagner 1968 , 1980 was used along each triangle side to sample logs. All surficial woody pieces crossing the line were recorded in six diameter size classes. Pieces less than 7 cm in diameter were recorded within the five classes recommended by McRae et al. (1979) We recorded the species and diameter size (to the nearest 0.1 cm) of each item greater than 7 cm in diameter. These large logs constitute the sixth class. We did not use decay classes because only logs on the litter (upper duff logs) were measured, and few showed different decay states. Moreover, the moss cover was very infrequent in all stands, as reported previously by De Grandpré et al. (1993) . The equation to calculate corrected fuel loading per species and diameter size class (Van Wagner 1980 
where W is weight per unit ground area (t/ha); G is specific gravity (g/cm 3 ); k is a constant with a value of 1.234 (see Van Wagner 1980, p 3.) ; L is length of sample line (m); d is piece diameter at intersection (cm); a is correction factor for nonhorizontal angle of fuel pieces, and it has a value of 1.13 (see Brown 1974) ; and c is slope correction factor (see McRae et al. 1979, Table 4 ) computed from the tilt angle of each triangle side. Moreover
where n is number of intercepts per species and diameter size class, and dq 2 is squared quadratic-mean diameter (cm 2 ). As no previous study focusing on CWD has been done in Quebec, we used specific multiplication factors Z from Ontario (McRae et al. 1979 , Tables 2 and 3) for balsam fir, white birch, white spruce, and trembling aspen, with the Z factor corresponding to
For white cedar, we used original quadratic-mean diameters and particle specific gravities in Minnesota from Roussopoulos (1978) . As quadratic-mean diameters and specific gravities were provided for the American diameter size classes, we used simple linear interpolations to calculate the corresponding quadratic diameters and gravities in our CWD diameter size classes. We then calculated Z multiplication factors for white cedar (see footnote of Appendix 3) to compute the cedar log loads per diameter size class. Both Ontario and Minnesota are the nearest geographically and ecologically relevant data sources for our study area.
Snags were sampled within six 1 m radius circles centered on the point-centered quadrants. Snag species, height, and diameter at the top were recorded (DBH if taller than 1.3 m). Densities, basal areas, and volumes of snags were calculated, but decay class was not recorded as all snags were into an intermediate decay class that no longer had bark.
Analyses
Canonical correspondence analysis
Canonical correspondence analysis (CCA) (Ter Braak 1987 -1992 was used to analyze the distribution of the 48 stands according to species log loads and species snag basal areas. Basal area of living trees (dominant and subdominant trees) are the active descriptive variables, while time since fire was included in the analysis as a passive variable (Jongman et al. 1987) to evaluate the degree of association between this variable and the two first canonical axes. Further, Monte Carlo permutation tests (Ter Braak 1987 -1992 were performed on the two first canonical axes to investigate the statistical significance of the impact variables on axes.
Covariance analysis
The pathway types found in the CCA have been analyzed through a covariance analysis (SAS Institute Inc. 1985) . This analysis was conducted on total log loads with time since fire as the continuous variable and the pathway type (birch or aspen) as classification variable. Because a positive effect for both variables was found, the covariance analysis was extended to all CWD components. The 236-year-old coniferous stands were not included as they were the same for both pathways.
Effect of time since the last fire
Nonlinear regressions (SAS Institute Inc. 1985) were computed to study the potential effect of time since fire on log loads (total per stand, per diameter size classes, and per species) and on snag volumes (total per stand and per species).
Effects of time since the last fire and stand composition
We used multiple linear regression with the forward stepwise procedure (SAS Institute Inc. 1985) to test the significant effect of time since fire and basal areas of living tree species on log and snag components. For each species we distinguished two canopy layers (BA and ba for basal area of dominant and dominated trees, respectively). This partitioning of the living basal areas is used to represent the canopy composition and its variability. If time is the only significant descriptor, it will then correspond to the real change in CWD accumulation with time. Conversely, if living basal areas are also descriptors of CWD accumulation changes, then changes are the result of canopy composition changes through the successional process.
Results
CWD characteristics for the 48 stands sampled
Appendix 1 presents the characteristics of stands sampled for CWD components, while Appendices 2 and 3 report on logs in terms of counts, diameters, and species composition. Density of living trees per stand varied from 437 stems/ha in a 236-year-old white cedar stand to 3422 stems/ha in a pure 80-year-old aspen stand. The aspen stand also had the largest living tree basal area (125.6 m 2 /ha); the old white cedar stand had the lowest living tree basal area (15.1 m 2 /ha). Total log load per stand varied from 17.8 to 111.5 t/ha (mean 51.1 t/ha). Snag density varied from 0 to 7000 stems/ha, corresponding with 0-108 m 2 /ha in basal area and from 0 to 700 m 3 /ha in snag volume.
Analysis for multivariate potential factors
Results of the CCA, reported in Table 1 and Fig. 1 , show that 42.9% of the initial variance in the CWD data set can be explained by the basal area of living trees in the canopy (33.8% on the two first axes; see Table 1 ). Monte Carlo tests show that the two first canonical axes are good linear combinations of these descriptive variables. The upper graph shows the descriptive basal areas with time since fire as passive variable (Fig. 1) . On the main graph, birch and aspen stands are segregated according to the first axis, and they present two successional pathways (the two arrow directions). These two patterns converge at the end of the succession (after 200 years since fire) towards coniferous stands. The upper graph shows that all trembling aspen, tall white birch, and white cedar are the best represented variables defining the two axes. These living basal areas are well correlated with both the basal area of snags and the log loads of their respective species (see scores in Table 1 ). Finally, time since fire is well correlated with canonical axes (Table 1) and it is related positively with the dominating coniferous basal areas and negatively with the trembling aspen basal areas and the subdominant conifer basal areas. The covariance analysis on total log load ( Fig. 2) shows that birch and aspen stands have the same slope parameter but significantly different intercepts. Log loads in birch stands tend to be heavier than in aspen stands. This analysis supports the existence of two successional pathways shown by the CCA. However, covariance analyses carried out on each CWD component showed that time since fire was the most significant factor (not shown). For these reasons, we have chosen to only consider time since fire as a significant factor, and we have analyzed the 48 stands together.
Effects of time since the last fire
The first five diameter size classes of logs present the same general trend in relation to time since fire (Fig. 3) , with a U-shaped curve prolonged by a plateau or a decrease in the very late successional stages. All these fine debris levels tend to be variable but quite high 30 years following the fire. Log loads decrease with stand age to a low at 80-120 years. An accumulation period follows then for a 100-year period and then plateaus or decreases again at late stages. However, the cumulative five class loads represent on average 43 ± 18% (mean ± SD) of total log load. The class VI load presents a significantly different pattern through time since fire (Fig. 3) : coarse debris levels are the lowest 30 years after fire, but they increase up to 100 years. In stands older than 120 years, log loads tend to slightly decrease before increasing again in the late stages. These two different patterns among log class loads associated to the proportions of fine and coarse debris loads imply that total log loads (Fig. 4) fit a different pattern from the above ones, with a general load increasing with time. Among the species, only balsam fir and trembling aspen log loads had significant trends through time (Fig. 4) . Aspen log loads decreased with time, whereas fir log loads increased through time. White birch log loads remained high over the entire period, while white spruce log loads were consistently the lowest. White cedar log loads increased significantly in stands older than 200 years.
Among snags, the only significant relationships between volumes and time since fire were for the total snag and balsam fir snag volumes (Fig. 5) . In both cases, volumes increased with time. Volumes of trembling aspen snags present a U-shaped pattern from 30 to 170 years and then disappear after 200 years. Some birch snags are present in young and very old stands and show no particular trend. White spruce and white cedar did not have a sufficient number of stands with snags.
Effects of time since the last fire and stand composition
Results for logs and snags (Tables 2 and 3 , respectively) show different behaviours of CWD in relation to time since fire and canopy basal areas. Log loads of classes V and VI, white spruce, and white cedar are not reported in Table 2 as they did not show significant linear relationships with time or basal areas. However, basal areas and time since fire are significant descriptors in four of the eight significant models (Table 2) . Basal areas are the only significant descriptors in three models, whereas time since fire is the only significant descriptor for the class I log load. This implies that changes in the log accumulation (total and species log loads) are influenced both by the effect of time since fire and by the change in canopy species dominance, reflecting successional process. Moreover, the species composition effect is as important as time (see Table 2 for outcome order entries from the forward stepwise selection).
Conversely, time is always the first variable selected for snags (Table 3) , with four cases where it is the only significant variable. Even in models where basal areas are part of significant descriptors, only one species basal area is included. This implies that changes in snag components (species composition, density, basal area, and volume) are almost only influenced by time since fire.
Discussion
Comparisons of CWD characteristics with other boreal ecosystems
The presented snag components (mean volume 140.5 m 3 /ha; mean density 1570 stems/ha) are at the upper limit of ranges found to date in boreal forests (Lee et al. 1997; Linder et al. 1997; Schimmel and Granström 1997; Sturtevant et al. 1997 ). If we only focus on snags larger than 10 cm in DBH, the mean snag volume per stand increases from 140 to 143 m 3 /ha, corresponding with a slight decrease of mean snag basal area from 22 to 19 m 2 /ha and a mean density dropping from 1570 to 830 snags/ha. These values fit better to those of other studies. Moreover, snag density and basal area may reflect some processes such as self-thinning and natural disturbance effects. Indeed, the maximum density of 6900 snags/ha (all diameters included) was recorded in the youngest aspen stands, where trees are undergoing selfthinning (snag basal area is only 17 m 2 /ha). However, only one of these stands recorded a snag larger than 10 cm in DBH. In mixed and conifer stands, snag densities higher than 3000 stems/ha represent mostly balsam firs killed during the last and most severe spruce budworm outbreak Morin et al. 1993) . Insects may have also fed on sub-dominant trees (from 5 to 10 cm in DBH) during the maximum defoliation period.
Comparisons between log characteristics found in our study area (mean log load 51 t/ha) and other boreal ecosystems showed (Hély 2000) differences with deciduous stands in Alberta (109-124 m 3 /ha; Lee et al. 1997 ) and mixedwood boreal stands in New Brunswick (7-20 t/ha; Freedman et al. 1996) . It is likely that the drier climate in Alberta creates a less favourable environment for decomposer fungi. This would slow down bole decay rate and result in a greater log accumulation. Conversely, in New Brunswick, the moister climate has inverse effects, and it favours log decay. Moreover, Freedman et al. (1996) , by sampling only logs greater than 5 cm in diameter, have not taken into account small diameter log loads that comprise up to 43% of the total load in our study area.
Stand composition and time since the last fire as descriptors of the change in the CWD accumulation
The analyses have shown that time since fire and stand canopy composition are two significant descriptive factors in CWD changes. However, while logs are influenced by both factors, snags are mainly influenced by time since fire.
The high correlation between species log loads and living basal areas show that logs reflect the stand dynamics through the successional process: the dominant deciduous species die and deciduous stands are replaced by mixed and conifer stands in later successional stages (Bergeron and Dubuc 1989) . Other studies have recorded poor correlation between the stand basal area and log composition (Muller and Liu 1991; Sturtevant et al. 1997 ), but species composition of CWD reflected the species composition of the standing forest (Muller and Liu 1991) . In our study, log loads respond almost immediately to the canopy species replacement by a rapid change in their species composition. This rapid change can be explained by the rapid replacement of the dominant canopy species that is also the largest log producer at that time. Paré and Bergeron (1995) have shown that total aboveground biomass closely corresponds to the trembling aspen biomass, and when this species is replaced by conifer species, the total aboveground biomass decreases in the same way. Moreover, the involved species are known to have rapid decay rates (Alban and Pastor 1993; Lambert et al. 1980 ). The log load at a given time corresponds closely to the present load (input and decay likely in equilibrium) and also to the actual canopy composition. It seems that there is no long-term accumulation process. Conversely, the snags component changes are, when they exist, mainly influenced by time since fire, and to a lesser extent by the canopy composition changes. Snags, because they are standing, are drier and less exposed to decomposers, would have a slower decay rate than logs. Thus, snags can then remain standing for a long time, even though their species no longer dominates the living stand canopy. This explains why snag composition does not fit the actual living tree canopy composition, but that it is instead related to stand age and to its history. Snags reflect the transition from deciduous towards conifer dominance occurring during succession (Bergeron and Dubuc 1989) : the percentage of conifer snags (mainly represented by balsam fir) increases with time, whereas trembling aspen, which is the most prolific deciduous snag producer, has a snag density that varies with time. After fire, shade-intolerant species such as trembling aspen dominate the stand canopy and the snag compartment from self-thinning. From 50 to 120 years after fire, snag volume is low but still dominated by deciduous species. After 150 years, overmature aspen die and constitute high snag inputs. Conifer species, mostly balsam fir, finally replace deciduous species in the canopy, and produce at that time, the largest snag volumes particularly from outbreaks. These intrinsic and extrinsic events created, within a short time period, large amounts of snags, standing for a long time after the disturbance event. Moreover, we also have to consider the relationship between the timing of the sampling period and spruce budworm outbreak events. If CWD were sampled 25-30 years ago, the last spruce budworm outbreak would not have occurred yet, and the balsam fir CWD (logs and snags) would have been less important. Additionally, if we were to sample CWD 20 years from now with no spruce budworm outbreaks ocurring, the balsam fir snags would have fallen and so would be less important.
CWD accumulation models in the southern boreal forest
Coarse woody debris accumulation models in the mixedwood boreal forest (Figs. 3-5 ) are different from other CWD accumulation models (Agee and Huff 1987; Bormann and Likens 1994; Harmon et al. 1986; Spies et al. 1988; Sturtevant et al. 1997 ). As we have seen above, the key factors explaining these differences (for total or species loads) are the species replacement occurring during succession (Bergeron and Dubuc 1989) , differences in species productivity (Paré and Bergeron 1995) , rapid decay rates (Lambert et al. 1980; Harmon et al. 1986) , and disturbances such as cyclic spruce budworm outbreaks killing mature balsam firs and favouring white birch and (or) balsam fir regeneration (Kneeshaw and Bergeron 1998) . The CWD models in our study do not show the high initial post-fire CWD load resulting from the fire event, as in the traditional U-shaped model (Agee and Huff 1987; Bormann and Likens 1994; Spies et al. 1988; Sturtevant et al. 1997 ). The initial load at 30 years is composed of small-diameter pieces (that would not have withstood the fire event) and not from pre-fire or fire residual debris. The absence of large pre-fire CWD can be explained by the faster decay rate of burned pieces a few years after fire (Harmon et al. 1986 ) and by the absence of large-diameter trees in pre-fire stands. Indeed, even in old stands, conifers that dominate stands are much smaller trees and snag producers than deciduous species (Paré and Bergeron 1995) . The log pattern of trembling aspen through time found and discussed in our study shows the same trend as the aboveground biomass found by Paré and Bergeron (1995) in the same study area and also as the trembling aspen snags in western Canada found by Lee et al. (1997) . This pattern is characterized by a first load increase until stand maturity, followed by a period of load decrease during the late successional stages. It resembles the aboveground living biomass of forest stands presented by Peet (1981) , who assigned this accumulation pattern to boreal stands such as feathermoss -black spruce stands with very thick organic Note: Only the significant parameters are given. Values in parentheses give the order in which the variables entered the model. p, overall model probability; BA, basal area of dominant trees; ba, basal area of subdominant trees; vol., volume (m 3 /ha); dens., density (stems/ha). layer. In our case, the period of load decrease is not a decrease in the successive cohort productivity because of less favorable abiotic conditions but to the species replacement with a resulting decrease in the abundance of trembling aspen (Bergeron and Dubuc 1989; Paré and Bergeron 1995) . Aspen and birch have no difference in decay rates, but white birch log accumulation is significantly higher than trembling aspen (same trend in Fig. 2) . Moreover, the birch trend through time is more variable (nonsignificant trend in Fig. 4 ) than for aspen logs. This variability difference may come from the distinct life-history patterns of these species: white birch is a long-lived species with one postfire cohort that can stand more than 200 years (Frelich and Lorimer 1991; Dansereau and Bergeron 1993) and create logs and snags along the entire succession, whereas the mean life-span of trembling aspen is 80 years in eastern North America (Hosie 1979) ; aspen regenerates through successive cohorts over a comparable period. Thus, aspen produces high episodic amounts of CWD ( Fig. 5 for snags) . The birch pattern variability could also be explained by periodic openings of stand canopy from balsam fir death during spruce budworm outbreaks. Large gaps are favourable to white birch regeneration (Kneeshaw and Bergeron 1998) . For white cedar, this study would have required a longer time window to record a significant trend, as this shade-tolerant species only begins to regenerate in the late stages (Bergeron and Dubuc 1989) .
A recently discovered mesic forest dominated by white cedar and regenerated at least 400 years ago after a fire had a total log load of 29 t/ha. Balsam fir, white cedar, and white birch were responsible for 18, 8, and 3 t/ha, respectively. This suggests that mixed stands can be maintained for a long time (high variability of old stand composition also shown by the CCA) and that high balsam fir log load was probably created by the last spruce budworm outbreak. However, because of the longevity of white cedar, it produces only small log loads even in 236-year-old stands. White spruce seems the least active species in the successional replacement process, with a low abundance of living trees and few logs and snags. This could explain why there was no significant trend over time for this species. Finally, balsam fir accumulates CWD during the entire succession. The trend seems to be dependent on both disturbance and decay rate. Because the outbreak periods seem to be as long as the decay rate, the log pattern should stay stable over the long term, until another fire occurs. 
